Forest-water reuse (FWR) systems treat municipal, industrial, and agricultural wastewaters via land application to forest soils. Previous studies have shown that both large-scale conventional wastewater treatment plants (WWTPs) and FWR systems do not completely remove many contaminants of emerging concern (CECs) before release of treated wastewater. To better characterize CECs and potential for increased implementation of FWR systems, FWR systems need to be directly compared to conventional WWTPs. In this study, both a quantitative, targeted analysis and a nontargeted analysis were utilized to better understand how CECs release to waterways from an FWR system compared to a conventional treatment system. Quantitatively, greater concentrations and total mass load of CECs was exhibited downstream of the conventional WWTP compared to the FWR. Average summed concentrations of 33 targeted CECs downstream of the conventional system were~1000 ng/L and downstream of the FWR were~30 ng/L. From a nontargeted chemical standpoint, more tentatively identified chemicals were present, and at a greater relative abundance, downstream of the conventional system as well. Frequently occurring contaminants included phthalates, pharmaceuticals, and industrial chemicals. These data indicate that FWR systems represent a sustainable wastewater treatment alternative and that emerging contaminant release to waterways was lower at a FWR system than a conventional WWTP.
Introduction
Water availability and quality are expected to be adversely affected by adverse weather events and population pressures (Ingram et al. 2013; Trenberth 1999) . Therefore, the ability to regulate water availability and improve water quality will become increasingly important with continued human population growth. One approach to regulating water availability and improving water quality is the use of forest-water reuse (FWR) systems (Braatz and Kandiah 1996; Isosaari et al. 2010) . FWR systems are slow-rate irrigation systems that treat municipal, industrial, and agricultural wastewaters through infiltration into forest soils and groundwater (Crites 1984; Crites et al. 2014) . These systems are lower cost and less energy intensive than conventional wastewater treatment systems of similar size, provide ecosystem service benefits via wood production and carbon storage, and effectively manage regulated nutrients, metals, and organics (US EPA 2006; Crites 1984; Pound and Crites 1973) . However, these systems are dependent on land availability and application rates are subject to precipitation and weather. The management of regulated nutrients in groundwater and receiving waters Pound and Crites 1973; Shifflett et al. 2014 ) and hydrological implications (Birch et al. 2016; Crites 1984; Hutchins et al. 1985) of FWR systems are more defined than the characterization of contaminants of emerging concern (CECs) released to surface waters from these systems. CECs in irrigated wastewater and receiving waters at FWR systems has only recently been assessed (McEachran et al. 2017a) .
Wastewaters are a well-defined source of CECs in the aquatic environment (Bradley et al. 2017; Fick et al. 2009; Kolpin et al. 2002; Petrie et al. 2015; Roberts and Thomas 2006) . These contaminants can individually and collectively elicit detrimental effects on aquatic biota (Bringolf et al. 2010; Quinn et al. 2008; Winter et al. 2008 ) and can propagate antibiotic resistance (Gao et al. 2012; Gatica and Cytryn 2013) , among other harmful effects. Conventional, large-scale tertiary wastewater treatment plants (WWTP) are commonplace throughout the USA but do not completely remove many CECs from wastewater before discharge into receiving surface water bodies (Kolpin et al. 2002) , resulting in near-continuous influx of CECs into surface waters (Roberts and Thomas 2006) . Concentrations of CECs in surface water downstream of conventional wastewater treatment discharges are typically reported between 1 and 1000 ng/L (Petrie et al. 2015) , though higher concentrations have been reported for acetylsalicylic acid (90,000 ng/L), carbamazepine (11,500 ng/L), ciprofloxacin (6.5 mg/L), etc. (Fick et al. 2009; Hughes et al. 2012; Kasprzyk-Hordern et al. 2008) . Concentrations of CECs in the environment exceeding toxic effect concentrations can have detrimental effects on aquatic biota and have been observed in surface waters and wastewaters for steroid hormones, fluoxetine (Luna et al. 2013) , diclofenac, etc. (Fent et al. 2006; Quinn et al. 2008) . High levels of antibiotics in the environment may propagate antibiotic resistance (Zhang et al. 2017) .
Targeted, quantitative analysis of CECs using analytical standards is well-established in the literature for the quantification of specific chemicals in wastewater and receiving surface waters (Agüera et al. 2013; Kolpin et al. 2002; Petrie et al. 2015) . Analytical advances over the last decade have further enabled the detection of previously unidentified or uncharacterized CECs in the environment when analytical standards are either unavailable or not practical for use (Hug et al. 2014; Krauss et al. 2010; Schymanski et al. 2014a ). High-resolution mass spectrometry (HRMS) applications enable users to identify previously unknown or suspected chemical compounds in environmental samples using suspect screening and nontargeted analysis (SSA and NTA, respectively). Both SSA and NTA involve using comprehensive data processing workflows to identify chemical compounds based on observed chemical features (monoisotopic mass, isotope abundance, isotope spacing, etc.) (Schymanski et al. 2014b) . SSA includes searching against a database or list of known compounds while true NTA does not. SSA and NTA methods applied to wastewater and surface waters receiving treated wastewater effluent have indicated the presence of thousands of compounds (Agüera et al. 2013; Hug et al. 2014; Schymanski et al. 2014b; Singer et al. 2016 ), but these methods have yet to be applied to alternative wastewater treatment systems, including FWR systems. SSA/NTA methods have predominantly been qualitative in nature, in contrast to targeted methods which focus on quantitation.
FWR systems release CECs into waterways via irrigation of wastewater, but a prior study showed greater than 90% removal of 33 PPCPs between irrigation to forest soils and surface water discharge (McEachran et al. 2017a) . FWR systems have yet to be compared to conventional wastewater treatment systems regarding the release of CECs to surface waters. The study assesses the release of CECs by a FWR system and a conventional, tertiary WWTP to surface waters in order to inform management of wastewater treatment, water quality, and water sustainability. Both a quantitative targeted approach, to quantify the load of select CECs released to waterways, and a qualitative NTA approach, to characterize the overall chemical composition of CECs in wastewater and surface waters, were investigated for these two systems.
Materials and methods

Site description and sampling
Both the FWR system (Birch et al. 2016; McEachran et al. 2016 ) and conventional WWTP (Bringolf et al. 2010) sampling locations have been previously described. The FWR system land-applies secondary treated wastewater onto 930 ha of forested land after 7-14 days residence time in openair reservoirs (Electronic Supplementary Material ESM 1). Wastewater is minimally chlorinated before application for worker safety. Land application is permitted such that runoff is minimized and relies on soil to groundwater infiltration before release to receiving waters. This system services a population of 70,000 and treats on average 19 million liters of wastewater per day (5.1 million gallons per day), irrigating 25-75 mm of secondary-treated wastewater weekly (Table 1) . A major tributary flows through the FWR system; streamflow and stage data of the creek were collected using a previously installed gage at the subwatershed outlet (Birch et al. 2016) . Mean stream discharge during the sampling events at the FWR system was 49 million liters per day. The conventional WWTP serves as one of two WWTPs servicing a population of 150,000 and treats on average 24 million liters per day. Wastewater at the conventional system is tertiarytreated followed by UV-disinfection before discharge of treated effluent into a small channel leading to a larger creek. Streamflow and stage data were obtained from the nearest US Geological Survey gage station. Mean stream discharge during the sampling events was 80 million liters per day downstream of the conventional WWTP. The FWR system services a residential community while the conventional WWTP receives wastewater from some industrial sources in addition to residential sources.
One-liter surface water and wastewater direct grab samples were collected monthly from October 2015-December 2015 (n = 3) from seven locations. At the FWR system, (1) secondary treated wastewater was collected from a central spigot that distributes wastewater to the entire irrigation system. Surface water samples were collected from a major tributary (2) upstream of the land application area (Upstream) and (3) downstream of the irrigation system at the subwatershed outlet (Outlet, ESM 1). Tertiary-treated wastewater from the conventional WWTP system was collected (4) from the effluent discharge pipe before reaching the effluent channel. Surface water samples were collected from the creek (5) upstream of the effluent channel (Upstream) and at two sampling locations (6) 50 m and (7) 100 m downstream of the effluent channel (Down 1 and Down 2, respectively). All water samples were collected in precleaned and baked (300°C for 24 h) 1-L amber glass bottles transported to the laboratory on ice and stored at 4°C until extraction within 7 days of sampling (US EPA 2007).
Extraction and analysis
Pharmaceuticals and personal care products (PPCPs) are a subset of CECs and have been previously investigated at the FWR system. Thirty-three PPCPs (Table 2) for targeted analysis were selected for their environmental relevance and presence in wastewater (Bourgin et al. 2018; Kolpin et al. 2002; Metcalfe et al. 2010) , previous detection at the FWR system study site (McEachran et al. 2016 (McEachran et al. , 2017a , and status as frequently used PPCPs (Ebele et al. 2017 ). Extraction and analysis have been previously described (McEachran et al. 2016 (McEachran et al. , 2017a 
Targeted analysis via UPLC-MS/MS
Targeted, quantitative analysis was conducted using a Thermo Scientific TSQ Quantum Ultra triple-quadrupole mass spectrometer with a Waters Acquity UPLC separation system and two analytical columns: an Acquity UPLC BEH (Ethylene Bridged Hybrid) Shield RP18 (2.1 mm × 150 mm, 1.7 μm) and an Acquity UPLC BEH C18 (2.1 mm × 100 mm, 1.7 μm). Extraction and quantitation has been previously described (McEachran et al. 2016 (McEachran et al. , 2017a . Two separation and instrument methods, for positive and negative electrospray ionization (ESI), were utilized to maximize identification and quantification capabilities. The separation method used for positive mode ESI data collection utilized water and methanol with 0.05% acetic acid as mobile phases while for negative mode ESI, the mobile phases were water and methanol (McEachran et al. 2016) . Final calculated concentrations (ng/ L) and stream discharge measurements were used to calculate the mass load of total targeted CECs downstream of each system using Eq. 1:
where ∑CEC refers to the summed concentration of targeted CECs in downstream samples (in ng/L) and Q is stream discharge at the time of sample collection (in liters/day).
HPLC-TOF/MS
Instrument methods for HRMS analysis are described in detail in Rager et al. (2016) and Newton et al. (2018) . Briefly, samples were analyzed using an Agilent 1100 HPLC (Agilent Technologies, Palo Alto, CA) interfaced with an Agilent 6210
Time-of-Flight (TOF) mass spectrometer. Chromatographic separation was accomplished using an Eclipse Plus C8 column 
HRMS data processing
Data processing, peak alignment, and database matching procedures were modeled after those reported in Rager et al. (2016) with several modifications. Raw instrument files were loaded into MassHunter ProFinder software (Agilent) for molecular feature extraction and alignment across all samples. For data collected under negative ESI, background noise thresholds were set to 1000 counts and feature thresholds to 3000 counts. Intersample feature alignment thresholds were set for retention windows of 1.0 min and mass windows of 30 ppm ± 2.00 mDa. Based on manual observation of background noise, higher thresholds were used for data collected in positive ESI: background thresholds were 2000, counts and feature thresholds were set to 8000 counts. Extracted and aligned features were further interpreted using Mass Profiler Professional (Agilent). Aligned features were imported into Mass Profiler Professional and matched against a desalted and de-duplicated version of the US EPA's Distributed Structure-Searchable Toxicity Version 2 (DSSTox_v2) Database (Richard and Williams 2002) . Features were matched to unique formulae within the database based on a mass accuracy, isotope abundance, and isotope spacing of observed features. These factors contribute to an overall match score (0-100). Aligned features matched to DSSTox were further processed using SAS statistical software. Blank features as observed in a solvent blank and features where peak abundance was less than three times the peak abundance in a blank were removed from subsequent analysis. Features with a formula match score less than 90 were removed, except for those with a negative mass defect and mass less than 500 Da. Negative mass defects indicative of halogenated compounds (Trier et al. 2011 ) have been observed to match poorly under the default isotope matching algorithm used ; therefore, these features were kept for subsequent evaluation. Finally, duplicate features within a sample, with mass difference of ≤ 0.005 Da and retention time difference of ≤ 0.05 min, were identified and removed so that only one remained. 
Data quality assurance and statistics
One field duplicate sample was collected during every sampling event and processed in the same manner for quality control purposes; median relative percent difference of individual target compound concentrations between duplicates was 12%. Additionally, a deionized water blank and method recovery spike (deionized water fortified with all target analytes) were processed in every batch of samples for background contamination and ongoing method recoveries of targeted compounds. Surrogate recovery standards ([ ). Mean recovery of surrogate standards was 71%, and average recovery of all targeted compounds was 71%. For the targeted analysis, method quantification limits (LOQ) were defined as the lowest point on the standard curve and ranged from 0.75 ng/L to 7.5 ng/L. The method limit of detection (LOD) was estimated as the LOQ divided by 3.
Statistical analyses were conducted to compare mean concentrations between sampling locations. Concentration and mass load data did not fit the assumptions of normality, and therefore, Mann-Whitney-Wilcoxon tests were used to compare means (with α = 0.05). Principal component analyses (PCAs) were performed to assess the variance-covariance structure of observed chemical features from both sites using a matrix of relative abundance of database-matched formulae above a score of 90 in each sample. Statistical analyses and PCA were conducted using R (Version 3.3.2) along with ggplot2 (Wickham 2009 ).
Results and discussion
Targeted analysis
PPCPs in wastewater and surface water PPCP concentrations in surface waters upstream of both treatment systems were evaluated to better contextualize PPCP concentrations downstream. Average summed concentrations in surface water upstream of the conventional system and upstream of the FWR system were 120 and 33 ng/L, respectively (Fig. 1, Table 2 ). Summed concentrations did not vary significantly between systems (p = 0.1). At each upstream site, DEET, caffeine, and cotinine were observed among the highest concentrations of all PPCPs. DEET and caffeine are ubiquitous in river systems throughout the US (Bradley et al. 2017; Kolpin et al. 2002) , and concentrations observed here are similar to those previously reported in the literature. However, DEET may be overestimated in environmental sampling due to the occurrence of similarly structured compounds (Merel et al. 2014) .
Total summed concentrations of targeted PPCPs in wastewater were similar between the two systems (Fig. 1 , p > 0.5). Wastewater did vary between the two systems in terms of abundance of individual chemicals: atenolol, cotinine, DEET, bisphenol-A, and ibuprofen were greater at the FWR system while trimethoprim, triamterene, fluoxetine, and sulfamethoxazole were greater at the conventional system ( Table 2) . Twenty of the 25 PPCPs observed above the LOQ in the wastewater at the FWR system were also observed in the wastewater at the conventional WWTP, indicating the ubiquitous nature of many of the targeted PPCPs (Table 2) . Individual PPCP concentrations in wastewater at the FWR system in the present study were similar to concentrations reported throughout a longer term study at the same FWR system (McEachran et al. 2017a) One main difference between the two systems is the level at which wastewater is treated before it is land-applied (FWR) or discharged (conventional WWTP). However, treatment efficacy is beyond the scope of the present study and differences in wastewater influent were not assessed. Nonetheless, it was expected that PPCP concentrations would be greater in wastewater from the FWR system due to the lower level of treatment relative to the conventional WWTP (secondary versus tertiary, respectively) (Luo et al. 2014) . However, longer residence times in the open-air reservoir at the FWR system can promote degradation and transformation as well as sorption and settling of PPCPs before irrigation. These processes can potentially affect both individual chemical composition and total concentration. Further, differences in the influent wastewater could affect total PPCP concentrations in the effluent; industrial activity, population dynamics, and agricultural practices all can affect wastewater composition. Specifically, as the WWTP receives wastewater from industrial activities in addition to residential, differences in total PPCPs could be expected between the WWTP and FWR system. Mechanisms such as influent composition, residence times, sorption capacity, and kinetics were not investigated in the current study, and we suggest that they be incorporated into future studies comparing the two treatment types.
Average summed concentrations of PPCPs in surface water downstream (Down 1) of the conventional WWTP were approximately 30% of total wastewater concentrations (Fig. 1) . Individual concentrations of PPCPs did not decrease in the 50 m between the two downstream locations at the conventional WWTP, and some concentrations increased, potentially due to release of contaminant stores within the stream basin (Table 2) . Summed PPCPs at the outlet of the FWR system were approximately 1% of summed concentrations in irrigated wastewater ( Fig. 1) and summed PPCP concentrations downstream of the conventional WWTP were approximately 30 times higher than concentrations at the outlet of the FWR system (p = 0.1, Wilcox test) (Fig. 1) .
It was expected that individual PPCP concentrations would be greater downstream of the FWR due to lesser initial wastewater treatment; however, all individual PPCP concentrations were greater downstream of the conventional system ( Table 2 ). The most abundant PPCPs downstream of the conventional WWTP were similar to concentrations previously reported in surface waters downstream of WWTPs (Hirsch et al. 1999; Kasprzyk-Hordern et al. 2008 ). The antidepressant drug fluoxetine was present at greater concentrations in surface waters (330 ± 200 ng/L) than previous research at this system reported (Bringolf et al. 2010 ), but were still within the range of environmental concentrations reported elsewhere (Martínez Bueno et al. 2007; Webb 2001) . The concentration was highest in the month of December, indicating the potential effect of seasonal usage of pharmaceuticals on presence in water sources. Fluoxetine has been reported to cause detrimental effects in aquatic biota, but concentrations shown here were an order of magnitude below reported no observed effect concentration (NOEC) values for aquatic invertebrates (Péry et al. 2008 ) and vertebrates (Pimephales promelas) (Stanley et al. 2007 ) and multiple orders of magnitude below reported LC 50 values (Brooks et al. 2003) . Streamflow was higher during this study compared to previous research at the same study site, and it has been documented that CECs can increase in concentration during high flow periods due to potential upstream sources or the release of chemicals from contaminant stores within the watershed (Fairbairn et al. 2016; Veach and Bernot 2011), instead of following more conventional concentration-dilution effects.
Forest-water reuse systems rely on the soil-forest system to remove and/or reduce contaminants before reaching groundwater and ultimately surface water. Previous research at the FWR system demonstrated the role soil serves in this system as a sink for PPCPs (McEachran et al. 2017a) . Upstream surface water and wastewater PPCP concentrations were similar between the two treatment systems in this research, but greater concentrations of PPCPs were observed downstream of the conventional WWTP (Fig. 1) . This indicates the potential value of the soil-forest system for management and removal of PPCPs before reaching water resources. Wastewater influent prior to treatment was not evaluated at both sites which prohibits an evaluation of treatment efficiency for the two systems, but it is clear that the soil-forest system has a profound effect on PPCPs in receiving waters.
Mass PPCP release to receiving streams
Total PPCP release of targeted chemicals as mass load was calculated in surface waters at each sampling location based on discharge of receiving streams (Eq. 1). Average discharge during sampling events downstream of the conventional WWTP was double the discharge at the FWR system (Table 1) . Average summed concentrations of PPCPs were 1400 and 33 ng/L downstream of the conventional WWTP and FWR System, respectively. Total PPCP mass load of targeted PPCPs downstream (location Down 1) of the conventional WWTP was almost 100 times that at the FWR System (93,000 vs 1600 mg/day, respectively). These 33 PPCPs are not indicative of the complete chemical space of wastewater and do not define the entire input of CECs. However, a greater mass load of total measured PPCPs (p = 0.1) entered surface waters from the conventional system.
Nontargeted analysis
Molecular feature extraction of raw data files from the TOF acquisition resulted in~10,000 molecular features in ESI+ mode and~3500 features in ESI− mode. After database matching and data filtering,~500 unequivocal formula matches in both ESI+ and ESI− remained, or roughly 7% of the total number of features initially observed via HRMS. However, 23% of the total peak area of observed features in the raw files was captured in the final database-matched formulae, indicating that many of the largest peaks present were captured. There was a substantial overlap in the number of unique formula matches between system types and sampling locations, indicating similarity of observed chemicals in the systems (Table 3) and ubiquity of certain chemicals in water and wastewater systems. A greater number of unique formulae were observed in the wastewater and downstream samples at the conventional WWTP. It was expected that the FWR system would contribute a greater number of chemical compounds to receiving waters due to lesser initial wastewater treatment than the conventional WWTP; however, a greater percentage of formulae found in the wastewater was also found in downstream samples at the conventional WWTP than at the FWR. More than 50% of formulae in the conventional WWTP wastewater were found in the downstream surface water. Only 30% of formulae in FWR wastewater were found in surface waters downstream of the FWR system. The FWR system relies on soil to groundwater infiltration before release to receiving surface waters, potentially decreasing the number of compounds present. More transformation processes (e.g., photolysis, longer residence time) could also result in fewer detections in the system. The NTA findings agree with the targeted data in that soil infiltration of wastewater by the FWR system dissipates a greater percentage of emerging organic compounds from wastewater to surface waters than the conventional WWTP system. Principal component analysis compared overall chemical compositions of samples between wastewater treatment systems and their sampling locations. The wastewaters from the two locations were distinct from each other (ESM 4). Figure 2 shows that upstream samples were similar to each other from both sites, but downstream samples were distinct between the FWR and WWTP and 1 month in particular (October) was unique. FWR samples were generally collocated, indicating the lack of dramatic inputs between upstream and downstream samples. Figure 3 depicts all matched features observed in both wastewaters and downstream of both treatment systems. The wastewater and downstream samples at the conventional WWTP system contained a greater number of high-abundance chemicals as indicated by increased bubble size (Fig. 3) ; thus, more chemicals were present in greater relative abundance downstream of the conventional WWTP.
Database matching for identification
To understand the chemical-specific contribution of wastewater on surface waters, the most likely chemical for each matched formula above a match score of 90 Table 3 Mean number of unique unequivocal molecular formulae observed at each location within each type of treatment system, FWR system and conventional WWTP, and the number of common formulae observed at both systems. Formula counts at sampling location and sites are independent. Results from both positive and negative ionization modes are combined
FWR system
Conventional WWTP Both   Upstream  25  44  183   Wastewater  127  370  412  Downstream  82  188  154 was identified based on data source ranking techniques (Little et al. 2012; McEachran et al. 2017b) . In this manner, the candidate chemicals with the greatest number of data sources within the US EPA's CompTox Chemistry Dashboard (https://comptox.epa.gov) are sorted such that the most likely candidate chemicals rise to the top of a McEachran et al. 2017b; Williams et al. 2017) . These matched chemicals are generally considered to be at least tentative candidates (Schymanski et al. 2014a) . Tentatively identified chemical compounds included industrial chemicals (diethyl phthalate, diphenyl sulfone), plasticizers, flavorants (butyl acetate), pharmaceuticals (litoxetine), endogenous compounds (purine, phospho glycolate), and pesticides (anilazine, carboxin). Both diethyl phthalate and diphenyl sulfone were more abundant in the wastewater of the WWTP, which receives waste from industrial processes, than the FWR. The most frequently observed chemicals (present in greatest number of samples) across all samples included many previously reported in wastewaters and surface waters: Tris(2-chloroisopropyl)phosphate, 17β-estradiol, diethyl phthalate, and butyl acetate (Table 4) (Loos et al. 2013; Loraine and Pettigrove 2006) . In ESI+, the most frequently observed compounds were tentatively identified as being present in > 70% of the samples while in ESI−, the most frequently observed compounds were present in only 40% of the samples. Additional chemicals tentatively identified that were expected to be observed in wastewater samples included PFOS, PFOA, and fipronil. Further, PPCPs from the targeted list were also observed: DEET, ibuprofen, diphenhydramine, and fluoxetine, among others. The sensitivity of the nontargeted method is lower than the targeted LC-MS/MS method, but based on their abundance in the targeted method, these PPCPs were expected to be identified via NTA.
The most abundant chemicals (in peak area) identified regardless of frequency of occurrence included sucralose, fexonfenadine, tramadol, and 2-ethylhexyl 4-(dime thylamino)benzoate (ESM 5). The only compound that was one of the most frequently observed and present in high abundance in this study was the fungicide carboxin. Carboxin has been previously reported in wastewater effluent (Quesnel and Nakhla 2005) , and its usage across many products is indicative of both high frequency of occurrence and high abundance. However, other compounds such as sucralose and phthalates are ubiquitous in wastewater systems (Kolpin et al. 2002; Loos et al. 2013) , and it was expected that these would be both frequently occurring and present at high abundances in this study.
From an NTA perspective, more unique molecular features were present in the conventional WWTP system, including waters upstream of the system. Differences in observed chemical compositions between systems may have resulted from possible differences in influent composition (which was not measured in this study) or treatment methods used at the facilities. Previous research at the FWR system showed that concentrations in wastewaters decreased with increasing temperatures (McEachran et al. 2017a) . At the FWR, wastewater is stored in openair reservoirs for 10 to 14 days prior to irrigation, a physical, chemical, and biological factor not applicable to the conventional WWTP. Different types of disinfection by-products and other transformation products may have been introduced at the two facilities; the conventional WWTP uses UV disinfection whereas the FWR chlorinates wastewater prior to its distribution to the irrigation system. Such differences could explain the number of unique chemical compounds observed at the two systems, but these compounds are unlikely to be tentatively identified in the NTA workflow because they are neither well-characterized nor well-captured in reference databases, including the CompTox Chemistry Dashboard. The FWR system should also contain phytochemicals and endogenous compounds that may not be present at the conventional system due to the relatively long residence time of treated wastewater at the FWR and its infiltration through soil to groundwater and surface waters. Although the characterization of the chemical space of wastewater is complex, NTA is a promising tool in the analysis of chemical constituents in water whose utility will only increase in the future as reference databases evolve to include more diverse groups of compounds.
Future work for NTA
In total, less than 10% of the molecular features observed in the raw data files were database-matched to unique chemical formulae. Additional data processing and prioritization methods are necessary to deal with the remaining (~90%) unmatched molecular features, requiring the integration of many sources to arrive at confident consensus structures. Thus, it is important to determine ways to increase the capabilities of data processing in NTA to ensure better coverage of the chemical space of samples. Additionally, using data source ranking alone is not sufficient to confirm structures-current methods of confirmation involve the use of analytical standards. In the absence of analytical standards, future work will require the integration of fragmentation prediction (Ruttkies et al. 2016) , retention time analysis (Aalizadeh et al. 2016; Bade et al. 2015; McEachran et al. 2018) , and other means to increase certainty in compound identification. Further data processing and prioritization methods under development include integrating multiple data streams for identification (Blaženović et al. 2017; Ruttkies et al. 2016 ), compound and sample prioritization using toxicity and bioactivity Rager et al. 2016; Sobus et al. 2017) , and processing code for filtering, blank subtraction, etc. Without such additional steps the likelihood of identifying false positives increases dramatically.
Conclusions and implications for wastewater treatment
Humans and ecological systems rely on effective wastewater treatment for clean water. For decades, conventional, and alternative treatment systems have been effectively treating nutrients and priority pollutants in wastewater to meet acceptable regulatory standards. The detection of CECs in wastewater and environmental samples coupled with greater water reuse necessitates evaluation of how effective treatment systems remove these chemicals for sustainable wastewater treatment and clean water availability. Our study has documented that over a 3-month period, fewer targeted and nontargeted emerging contaminants, by mass and/or quantity, were released into receiving waters by an FWR system land-applying secondary treated wastewater than by a conventional, tertiary WWTP of comparable treatment size. Further research is necessary to completely define the treatment efficacy and environmental release of CECs of both systems and should include untreated influent wastewater. Additional work should address the toxicity and bioactivity downstream of both systems. This research provides data that can inform the implementation of Table 4 The 15 most frequently observed compounds across both systems (tentatively identified) in ESI+ and ESI− modes, respectively, ordered from most to less frequent. Mass error = (observed mass − exact mass)/exact mass × 1,000,000. DTXSID is the unique DSSTox Substance Identifier (https:// comptox.epa.gov)
Formula
Mass error (ppm) Preferred name DTXSID wastewater land application systems as a sustainable alternative to conventional treatment systems.
